In the mouse, the initial signals that establish left-right (LR) asymmetry are determined in the node by nodal flow. These signals are then transferred to the lateral plate mesoderm (LPM) through cellular and molecular mechanisms that are not well characterized. We hypothesized that endoderm might play a role in this process because it is tightly apposed to the node and covers the outer surface of the embryo, and, just after nodal flow is established, higher Ca 2+ flux has been reported on the left side near the node, most likely in the endoderm cells. Here we studied the role of endoderm cells in the transfer of the LR asymmetry signal by analyzing mouse Sox17 null mutant embryos, which possess endoderm-specific defects. Sox17 -/-embryos showed no expression or significantly reduced expression of LR asymmetric genes in the left LPM. In Sox17 mutant endoderm, the localization of connexin proteins on the cell membrane was greatly reduced, resulting in defective gap junction formation, which appeared to be caused by incomplete development of organized epithelial structures. Our findings suggest an essential role of endoderm cells in the signal transfer step from the node to the LPM, possibly using gap junction communication to establish the LR axis of the mouse.
INTRODUCTION
Establishing a three-dimensional axis, with anteroposterior, dorsoventral and left-right (LR) coordinates, is a critical step in embryogenesis. LR axis determination provides positional information for internal organs after the other two axes are established (Beddington and Robertson, 1999) . The process of establishing LR asymmetry in the mouse occurs in four steps (Hamada et al., 2002) . First, symmetry is broken in the node by a leftward flow of extra-embryonic fluid termed nodal flow (Nonaka et al., 1998) . Second, the LR signal established in the node is transferred from the node to the lateral plate mesoderm (LPM), which comprises the mesodermal component of internal organs. Third, Nodal begins to be expressed in the LPM near the node and then extends rostrocaudally, expanding throughout the entire left LPM. This expansion is achieved by positive and negative transcriptional feedback loops between Nodal and Lefty1/2, together with the long-range displacement of the secreted proteins Nodal, Lefty1 and Lefty2 (Marjoram and Wright, 2011; Osada et al., 2000; Saijoh et al., 2000) . Nodal also turns on the Pitx2 transcription factor in the left LPM. Finally, the Nodal signal and Pitx2 establish characteristics of the left side in the LPM, and asymmetric morphogenesis takes place in internal organs.
Although the mechanisms of LR determination have been extensively analyzed, it is still unclear how LR signals in the node are transferred to the left LPM. Bilateral expression of Nodal in the peripheral region of the node (in crown cells or perinode) is considered to be essential for this step, as its depletion in this region results in the loss of Nodal expression in the LPM (Brennan et al., 2002; Saijoh et al., 2003) . Considering the fact that Nodal is a secreted molecule that can diffuse over long distances, Nodal protein generated in the node might travel to the LPM through the extracellular matrix (ECM), thereby transferring LR information to this region. In support of this contention, Oki et al. demonstrated that sulfated ECM proteoglycans such as chondroitin sulfate and heparan sulfate are necessary to induce Nodal expression in the LPM (Oki et al., 2007) . However, there is no direct evidence to support the movement of Nodal from the node to the LPM. Collectively, these data suggest that expression of Nodal protein in the crown cells is essential for Nodal expression in the left LPM; however, it is unclear whether Nodal is itself the signal. Consequently, both the molecular nature of the LR signal and the mechanism by which this signal is transferred to the LPM remain to be determined.
Several studies have reported that after nodal flow is established, higher Ca 2+ flux is observed on the left side near the node, most likely in the endoderm cells (Hadjantonakis et al., 2008; McGrath et al., 2003; Tanaka et al., 2005) . This observation and the fact that endoderm in the mouse embryo is located adjacent to the node and covers the entire LPM at that stage, led us to hypothesize that endoderm might play a role in the signal transfer from the node to the left LPM.
To address the roles of endoderm in LR determination, we analyzed Sox17 mutant mice. Sox17 is a high-mobility group transcription factor and is specifically expressed in the endoderm and endothelial cells of developing embryos (Kanai-Azuma et al., 2002; Sakamoto et al., 2007) . Null mutants die at around embryonic day (E) 10, with an abnormal heart and loss of blood stem cells; however, at E8.0, when LR determination occurs, the Sox17 mutants have defects specifically in endoderm cells (KanaiAzuma et al., 2002; Kim et al., 2007; Pfister et al., 2011; Sakamoto et al., 2007) .
In this study, we found that a majority of Sox17 -/-embryos fail to express Nodal, Lefty1/2 and Pitx2 in the LPM, despite the fact that LR determination within the node of Sox17 mutant embryos was essentially normal. We also demonstrated that the LPM has the potential to express these asymmetric genes in Sox17 -/-embryos.
Our data suggest that the primary LR defect in Sox17 -/-embryos is an impaired ability to transfer the LR signal from the node to the LPM. Significantly, membrane localization of gap junction connexin proteins was impaired in Sox17 -/-endoderm, resulting in defective intercellular transport between endoderm cells. Collectively, our findings are the first to suggest an essential role of endoderm cells in the signal transfer step from the node to the LPM, possibly using gap junction communication to establish the LR axis of the mouse.
MATERIALS AND METHODS

Mice and embryo collection
Mice carrying the Sox17 null allele (Kanai-Azuma et al., 2002) and the Sox17 GFP allele (Kim et al., 2007) were maintained in a mixed genetic background of 129sv, C57BL/6J and CD-1, and 129sv and C57BL/6J, respectively. Prior to harvest, the stages of embryos were monitored and estimated by ultrasound scan of the pregnant mother (Visual Sonics). Embryos were genotyped as described previously (Kanai-Azuma et al., 2002; Kim et al., 2007) . All procedures using mice were in accordance of the IACUC protocol at the University of Utah.
Whole-mount in situ hybridization, immunohistochemistry and image processing
Whole-mount in situ hybridization was performed according to standard procedures (Wilkinson, 1998) using the following probes: Sox17, a combination of 0.8 kb and 0.6 kb fragments that cover the Sox17 coding region, and previously described probes (Kanai et al., 1996) ; Nodal, a combination of three plasmids containing 5Ј and 3Ј UTR regions and the coding sequence; mouse Cx43 mRNA was detected using a rat 1125 bp cDNA fragment that shares 95% sequence identity with mouse Cx43 (Beahm et al., 2006) ; Cerl2 (Hashimoto et al., 2004) ; Cryptic (Shen et al., 1997) ; Foxf1 (Mahlapuu et al., 2001) ; Foxh1 ; Gdf1 (Rankin et al., 2000) ; Lefty1/Lefty2 (Meno et al., 1996) , which crosshybridizes with both Lefty1 and Lefty2 mRNA; L-Plunc (Hou et al., 2004) ; Meox1 (Candia et al., 1992) ; Pitx2 (Yoshioka et al., 1998) ; and Raldh2 (Niederreither et al., 1997) . Following whole-mount in situ hybridization, embryos were imaged in 80% glycerol and 10 m sections were prepared by standard paraffin sectioning. For immunohistochemistry (IHC), embryos at E7.5-8.5 were fixed in 4% paraformaldehyde (PFA) in PBS for 1 hour at room temperature (RT), dehydrated through a methanol series and stored at -20°C until use. Primary antibodies used for IHC: acetylated tubulin (Sigma clone 6-11B-1, 1:200); -galactosidase (Abcam ab9361, 1:500); chondroitin sulfate (Sigma CS-56, 1:100); Cx40 (Santa Cruz sc-20466, 1:100); Cx43 (Sigma C6219, 1:500); E-cadherin (BD Transduction 610181, 1:100); -tubulin (Sigma T3559, 1:100); GFP (Invitrogen A21311, 1:1000); laminin (Sigma L9393, 1:100); and ZO1 (Zymed 33-9100, 1:400). Alexa Fluor dye-labeled secondary antibodies were used (Invitrogen, 1:1000). Nuclei were counterstained with DAPI.
Confocal microscopy images were obtained at 0.3-1 m intervals using a Leica TCS SP5 system. Images were processed using FluoRender software (http://www.sci.utah.edu/software/13-software/127-fluorender. html). Fluorescent signals are pseudo-colored in the figures to permit viewing by the color-blind.
Scanning electron microscopy
Embryos dissected at E8.0 were fixed in 2.5% glutaraldehyde/1% PFA in 0.1 M Sorensen's phosphate buffer (pH 7.4) at RT overnight, washed in 0.1 M cacodylate buffer (pH 7.4), and post-fixed in 1% osmium tetroxide in cacodylate buffer for 45 minutes at RT. Embryos were then dehydrated through a graded ethanol series, critical point dried, gold coated, and mounted on a low-vacuum electron microscope (Hitachi S-2460N).
Nodal flow
To assess nodal flow over the node surface, FluorSpheres (0.5 m, Invitrogen) were added to the medium and the embryo was mounted on a slide-glass chamber under a time-lapse fluorescence microscope kept in a chamber at 37°C. The directional movements and velocities of the beads across the node surface were recorded at 0.2-second intervals and traced using the MTrackJ plug-in in ImageJ (NIH).
Iontophoresis of whole embryos
Embryos were mounted in a fixed position on a silicon-derived embryoholding chamber containing HEPES-buffered DMEM. Embryos were visualized at 40ϫ using an Olympus BX-WI fixed-stage microscope. A glass micropipette containing a filtered solution of 0.1 M LiCl, 5% Lucifer Yellow and 1% Rhodamine dextran (10 kDa) was positioned within an endodermal cell using a micromanipulator. The iontophoresis was performed using an Axopatch 200A patch clamp and Digidata 1320A (Axon Instruments) at an iontophoretic current of -1.0 nA and a negative holding voltage of 60 mV generating a 25-30 M circuit resistance. After a 10-second iontophoresis of dyes, the micropipette was removed and epifluorescence and bright-field images were captured using a MicroFire M digital camera (Olympus).
RESULTS
Nodal expression is absent in the LPM of Sox17 mutant embryos
We have previously shown that Sox17 -/-embryos do not undergo embryonic turning and most mutants have aberrant heart looping (Kanai-Azuma et al., 2002; Pfister et al., 2011; Sakamoto et al., 2007) . Further observations (data not shown) suggested that heart looping in Sox17 -/-embryos is essentially random. Since both embryonic turning and heart looping are readouts of LR patterning, these data suggested that Sox17 -/-embryos have a defect in LR determination. We therefore examined the expression of several genes that are required for LR establishment in Sox17 -/-embryos. We first examined Nodal, which is a master gene for LR determination (Hamada et al., 2002) . In Sox17 -/-embryos, Nodal expression was absent from the entire LPM (10/12) or was weakly expressed in a small region of the left LPM near the node (2/12). In Sox17 +/-(n8) and wild-type (n22) embryos, Nodal was expressed throughout the left LPM (Fig. 1A ,D,G,J). Despite its absence in the LPM, perinodal expression of Nodal was essentially normal in Sox17 -/-embryos (Fig. 1D ,G, black arrows).
We next examined two other left-specific genes, Lefty2 and Pitx2, that are downstream targets of Nodal (Osada et al., 2000; Saijoh et al., 2000) . As expected, both Lefty2 and Pitx2 were either completely absent (6/11, 7/13, respectively) or were expressed in a restricted region of the left LPM near the node (5/11, 6/13, respectively) in Sox17 -/-embryos at a stage when they are expressed throughout the entire left LPM in both Sox17 +/-and wild-type embryos (Fig. 1B,C 
Sox17 is expressed at the correct place and time to affect LR determination
To explore the cause of the impaired expression of laterality genes in Sox17 -/-embryos, we performed a detailed in situ hybridization investigation of the spatial and temporal aspects of Sox17 expression during the period in which LR determination occurs. Sox17 expression was initiated in definitive endoderm cells migrating anteriorly from the primitive streak; however, no expression was observed within the primitive streak, including the anterior primitive streak that contains the node and endoderm precursors ( Fig. 2A ,AЈ). At the late streak stage, the distal part of the embryo, including the prospective node region (red arrowheads), was covered with endoderm cells that express Sox17 (Fig. 2B ,BЈ). These observations suggest that Sox17-expressing cells could affect node formation and/or function, including the initial LR determination in the node. During the bud stages, Sox17 expression expanded from anterior to posterior; however, newly generated endoderm cells migrating from the primitive streak near the node did not express Sox17 (Fig. 2C , red arrowhead). Sox17 expression was restricted
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Development 139 (13) to the foregut region of the embryo at the headfold stage ( Fig.  2D , black arrowheads). Interestingly, a new domain of Sox17 expression was initiated in endoderm cells adjacent to the node at the 0 somite stage (ss) and expanded posteriorly arrows) . This endodermal Sox17 expression neighboring the node corresponds to a population of cells that show asymmetric Ca 2+ flux just after nodal flow is established (Tanaka et al., 2005) . Thus, we predict that Sox17-expressing endoderm could play a role in transferring LR signals from the node to the LPM.
After 2 ss, the endoderm overlying the LPM expressed Sox17 (Fig. 2F,G) . Hence, it is also possible that Sox17-expressing endoderm is involved in LPM development. At this stage, Sox17 is again expressed only in endoderm cells and not in the node, including the perinode cells (supplementary material Fig. S1 ).
This expression pattern of Sox17 suggests three possible explanations for the LR determination defects observed in Sox17 -/-embryos: (1) the initial LR determination in the node is defective; (2) the transfer of LR signals from the node to the left LPM is impaired; or (3) the defective LPM cannot express or amplify Nodal after the LR signal from the node is received. (Yan et al., 1999) , the transcription factor Foxh1 (Fig. 3C ,G) , and the co-ligand of Nodal Gdf1 (Fig. 3D ,H) (Rankin et al., 2000; Tanaka et al., 2007) . All of these genes were expressed in Sox17 -/-embryos with expression patterns similar to those found in Sox17 +/-control embryos ( Fig. 3A-H ).
Sox17 mutants can respond to Nodal signaling in the LPM
To directly test whether the LPM in Sox17 mutants can express Nodal in response to Nodal signaling, exogenous introductions of Nodal expression were performed (Fig. 3I-O) . Nodal expression is regulated by a positive-feedback mechanism (Osada et al., 2000; Saijoh et al., 2000) ; thus, if the LPM in Sox17 -/-embryos has an ability to respond to Nodal signaling, exogenous Nodal should be able to induce endogenous Nodal expression in the LPM of Sox17 -/-embryos. Nodal expression vectors were introduced into a small area of the right LPM together with GFP expression vectors as a reporter of transfected cells, using a lipofection technique ( Fig. 3I-K ) (Nakamura et al., 2006) . Both the control LPM (6/6; Fig. 3L ,M) and the Sox17 -/-LPM (5/5; Fig. 3N,O) expressed Nodal throughout the right LPM in response to ectopic Nodal activity in this small region. These data suggested that the LPM in Sox17 -/-embryos is capable of initiating and expanding Nodal expression when supplied with a source of Nodal.
Node formation is partially affected but LR determination at the node appears to be normal in Sox17 mutants Next, we examined the possibility that the initial LR determination in the node is affected in Sox17 -/-embryos. The node precursors are formed at the most anterior part of the primitive streak, which is 2429 RESEARCH ARTICLE Endoderm in LR asymmetry covered by endoderm cells (Fig. 2B,BЈ) . Hence, these two tissues could interact substantially with each other during development, and endoderm may affect the differentiation of the node precursors (Sulik et al., 1994) . In Sox17 -/-embryos, Nodal was expressed in the perinodal region (Fig. 1D ,G, black arrows), as observed in Sox17 +/-embryos; however, expression at the headfold stage was extended more posteriorly in Sox17 -/-embryos (Fig. 4H, arrow) , whereas expression in control embryos was horseshoe shaped (Fig. 4D ). Acetylated tubulin (cilia) and -tubulin (basal bodies) immunohistochemistry (IHC) showed that cilia formed normally in the Sox17 -/-node, although cilia formation was also observed in segregated node-like cells found posterior to the node (Fig. 4A-G As cell number and cilia formation in the node appeared normal in Sox17 -/-embryos, we next determined whether the abnormal shape of the node might affect the direction and strength of the nodal flow that provides a bias to determine the initial LR asymmetry. When the flow was visualized with fluorescent beads, the flow rate and direction were similar in Sox17 -/-and control embryos; however, the smooth pattern of the flow was slightly affected by the presence of the remaining endoderm cells in the Sox17 -/-nodes ( Fig. 4K,L; supplementary material Movies 1, 2; n9 and n7 for control and mutant embryos, respectively). Importantly, a significant leftward flow developed in all Sox17 -/-embryos examined. To evaluate the outcome of nodal flow on the generation of LR polarity across the node, we examined the asymmetric expression of the perinodal genes Nodal, L-Plunc (Bpifb1 -Mouse Genome Informatics) and Cerl2 (Dand5 -Mouse Genome Informatics) (Hou et al., 2004; Pearce et al., 1999) . All three genes were asymmetrically expressed in the node in most Sox17 -/-embryos [Nodal, 7/11 (64%); L-Plunc, 9/11 (82%); Cerl2, 10/11 (91%); Fig.  4P -R], similar to control embryos [Nodal, 15/22 (68%); L-Plunc, 11/11 (100%); Cerl2, 9/9 (100%); Fig. 4M -O]. These data suggested that in Sox17 -/-embryos the nodal flow is strong enough to generate LR asymmetry in the node despite some abnormal features of the node.
Partial defects in proteoglycan distribution in Sox17 -/-embryos Finally, we examined the possibility that disrupted transfer of the LR signals from the node to the left LPM accounts for the LR defects observed in Sox17 -/-embryos. Previously, we reported that proteoglycans with glucosaminoglycan moieties such as chondroitin sulfate and heparan sulfate play important roles in transferring the LR signals from the node to the LPM (Oki et al., 2007) . Chondroitin sulfate is distributed at the interface between endoderm and mesoderm in control embryos, and was shown to directly interact with Nodal proteins (Oki et al., 2007) . We performed IHC of chondroitin sulfate and laminin at 2-4 ss to study the effect of Sox17 mutation on proteoglycan distribution and ECM 
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development (Fig. 5A-C). We found that 7 of 17 (41%) Sox17
-/-embryos showed regional defects in chondroitin sulfate distribution concomitant with laminin matrix disorganization ( Fig. 5B-BЉ) , whereas the remaining 10 of 17 (59%) Sox17 -/-embryos showed an almost normal distribution of ECM ( Fig. 5C -CЉ; control embryos, n6). These defects in chondroitin sulfate distribution in the ECM might cause reduced LR signal transfer from the node; however, the loss of Nodal expression in the LPM in 90% of Sox17 -/-embryos cannot be accounted for by the reduced chondroitin sulfate distribution and defective ECM composition seen in only 41% of these embryos. Since paraxial mesoderm lies between the node and the LPM, it could conceivably play a role in mediating transfer of the LR signal from the node to the LPM. To test this, we determined whether the paraxial mesoderm develops normally in Sox17 mutants. In Sox17 -/-embryos, both Meox1, which regulates somitogenesis (supplementary material Fig. S2A,C) , and Raldh2 (Aldh1a2 -Mouse Genome Informatics), a key gene for retinoic acid synthesis that coordinates symmetric somitogenesis and LR asymmetry (Vermot and Pourquie, 2005 ) (supplementary material Fig. S2B,D) , were expressed normally, suggesting that paraxial mesoderm is normal in Sox17 -/-embryos.
Reduced gap junction function in Sox17 mutant epithelial cells
After nodal flow is established, intracellular upregulation of Ca 2+ flux is observed in endoderm cells immediately left of the node (Hadjantonakis et al., 2008; McGrath et al., 2003; Tanaka et al., 2005) . This suggests that Ca 2+ flux might have an important role in signal transfer of LR determination from the node to the LPM (Mercola, 2003) . Since the relay of Ca 2+ flux is mediated by gap junctional transport of small molecules such as IP3 or Ca 2+ itself, we examined the expression of a gap junction protein, connexin 43 (Cx43; Gja1 -Mouse Genome Informatics), by whole-mount IHC, which had not been described previously for the time when LR asymmetry is established. In control embryos, we found that Cx43 was localized in the cell membrane in both extra-embryonic and embryonic endoderm, but not in the node including perinode cells ( Fig. 6A,E; supplementary material Fig. S3 ). In Sox17 -/-embryos, Cx43 was localized in the cell membrane of extra-embryonic endoderm but was greatly reduced in the endoderm cells in the embryonic region (Fig. 6B,F) . We also observed that the 2431 RESEARCH ARTICLE Endoderm in LR asymmetry localization of another connexin, Cx40 (Gja5 -Mouse Genome Informatics), on the cell membrane was attenuated in the endoderm of Sox17 -/-versus control embryos (data not shown).
We next assessed the level of Cx43 mRNA and found that Cx43 expression was reduced in endoderm cells near the node in Sox17 -/-embryos (Fig. 6LЉ , red arrows) as compared with control embryos (Fig. 6KЉ) , whereas Cx43 mRNA was expressed normally in both the foregut and extra-embryonic endoderm of Sox17 -/-embryos ( Fig. 6K-LЉ) . Next, gap junction function was tested by iontophoresis of a gap junction permeable dye, Lucifer Yellow. Three minutes after dye injection, the Lucifer Yellow spread from the injected cell into neighboring cells of the embryonic endoderm (n10, average 33.1 cells and 4.5 cell diameters; Fig. 6G ) or extra-embryonic endoderm in control embryos (Fig. 6I) , whereas the impermeable dye Rhodamine dextran was retained in the injected cell. In Sox17 -/-embryos, the Lucifer Yellow dye, but not Rhodamine dextran, spread into neighboring cells of the extra-embryonic endoderm (Fig. 6J) ; however, in embryonic endoderm, both injected dyes stayed in the injected cell (n6/23 injections) or the Lucifer Yellow expanded into significantly fewer cells (n17/23, average 6.6 cells and 1.4 cell diameters; P<0.001, Student's t-test) (Fig. 6H ) than in the control embryo.
In conjunction with the reduction of Cx43 mRNA and in the membrane localization of connexin proteins, these data clearly indicate that Sox17 -/-endoderm has defective gap junction communication, which is likely to be the major cause of defective LR determination in Sox17 -/-embryos.
Sox17 mutants exhibit defects in the formation of epithelial structures in endoderm cells
Why was Cx43 not distributed in the cell membrane in Sox17 mutants? We first tested the possibility that the mislocalization of connexin proteins might be due to a lack of cell-cell contacts. The tight junction component ZO1 was localized normally on the cell membrane of Sox17 -/-endoderm cells, similar to control endoderm (Fig. 6C,D) , suggesting that Sox17 mutant endoderm develops an epithelial structure with tight junctions. We further evaluated the epithelial organization of Sox17 mutant endoderm that lies in close proximity to the node, at stages corresponding to LR signal transfer from the node to the LPM (1-3 ss). We made use of Sox17GFP knock-in mice, in which a GFP reporter cassette replaces the coding region of the Sox17 locus, resulting in null mutation and placing GFP expression under the control of the endogenous transcriptional regulation of Sox17 (Kim et al., 2007) .
In Sox17 GFP/+ embryos at 2 ss, whole-mount IHC of GFP and the tight junction component ZO1 showed GFP expression in the tightly packed endoderm cells as a contiguous epithelial layer overlying mesoderm cells, encompassing the entire embryonic region except RESEARCH ARTICLE Development 139 (13) the midline and the node (Fig. 7A) . Endoderm cells were attached to each other over a relatively large area of contact (Fig. 7AЈ,AЉ) . In Sox17 GFP/GFP embryos, although the endoderm layer covered the entire embryo in a manner similar to that of control endoderm, the endoderm cells constituting the endoderm layer were thinner and larger than those of the control embryo, with a greatly reduced area of contact between cells (Fig. 7B-BЉ) . Unexpectedly, some GFP- 
positive cells in Sox17
GFP/GFP embryos were found interspersed among the underlying mesoderm cells on either side of the midline (Fig. 7BЈ,BЉ) . We hypothesized that these misplaced cells might be delaminated from the outer endoderm layer, possibly owing to the loss of epithelial cell polarity, or that these cells might be derived from endodermal cells that have failed to epithelialize after migrating out from the primitive streak. From these observations, we hypothesized that Sox17 is required for uniform structural and functional epithelial integrity in endoderm cells. To determine whether the abnormal endoderm development in Sox17 mutants affects the membrane localization of gap junctions, we compared microtubule organization and Cx43 localization by co-IHC in control and Sox17 mutant endoderm cells (Shaw et al., 2007; Thomas et al., 2005) . In control embryos, microtubules labeled by -tubulin were distributed in a radial fashion and along the cell membrane (Fig. 7C,CЈ) , whereas in Sox17 mutant embryos, which showed severely reduced Cx43 membrane distribution, -tubulin was primarily present in a fibroblast-like parallel arrangement in the cytoplasmic region and did not show clear accumulation at the cell boundaries (Fig. 7D,DЈ) (Bre et al., 1990) .
Adherens junctional complexes comprising E-cadherin and -catenin constitute the main source of mechanical adhesion between adjacent epithelial cells (Baum and Georgiou, 2011) . In endoderm cells neighboring the node of control embryos at 3 ss, E-cadherin was evenly localized in the basolateral membrane (Fig. 7E) , whereas in Sox17 -/-embryos E-cadherin distribution was reduced in most cells and was absent from some endoderm cells (Fig. 7F , blue stars). Labeling of actin filaments with phalloidin also showed an uneven localization of actin fibers at the cell boundary in endoderm cells of Sox17 mutants (Fig. 7F ). Similar patterns were observed for -catenin, which was not localized at cell boundaries in some endoderm cells (data not shown). These defects suggest weak intercellular adhesion between endoderm cells, even though ZO1 is localized normally on the cell membrane of Sox17 mutant endoderm cells (Fig. 6D) .
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Abnormal cytoskeletal assembly together with the incomplete formation of adherens junctions demonstrates defects in the epithelial features of Sox17 mutant endoderm. These defects could result in the loss of gap junction communication, either by lowering the levels of Cx43 transcription or by reducing the localization of Cx43 to the cell membrane, which might cause defects in transferring LR signals from the node to the LPM.
DISCUSSION
All tissues that have previously been reported to play a role in LR determination are mesodermal derivatives, such as the node, LPM, notochord and somites. Here, we report a novel role for endoderm cells in transferring LR signal information from the node to the LPM.
Sox17 mutants develop endoderm-specific defects and lose signal transfer
Sox17
-/-endoderm cells exhibit epithelial disorganization. Despite this, the tight junction component ZO1 is still expressed normally, suggesting that the endoderm in the mutant maintains partial epithelium formation. Endoderm constitutes the outermost layer of the early embryo and plays an important role in homeostasis of the embryo by forming a tight junction barrier to the external environment. It should be noted that mesodermal and ectodermal, but not endodermal, derivatives form normally in Sox17 mutants ( Fig. 3 ; data not shown).
The overall shape of the node in Sox17 -/-embryos is affected by the presence of isolated endoderm cells that fail to clear from the node region; however, LR determination at the node seems to develop normally, as evidenced by the relatively normal nodal flow and the asymmetric expression of perinodal genes. Similarly, the LPM in Sox17 mutants also develops normally, with the potential to express and propagate Nodal, as shown when triggering Nodal proteins were exogenously supplied directly into the LPM. Therefore, the most likely cause of the absent or reduced LR gene expression observed in Sox17 mutants is a failure to transfer the LR signal from the node to the LPM. 
Conserved gap junction function in establishing LR asymmetry in mammals
In this study we found that the localization of the gap junction molecules Cx43 and Cx40 to the cell membrane of the embryonic endoderm was greatly impaired in Sox17 mutants. Physiological assays of gap junction communication indicated that it was dysfunctional in mutant endoderm. These findings suggest the importance of gap junctions in endoderm for LR signal transfer. In addition to our data, it was recently reported that a pharmacological inhibitor of gap junction communication, 18--glycyrrhetinic acid, could inhibit Nodal expression in the left LPM of wild-type embryos (Viotti et al., 2012) . Although these inhibitor experiments did not specifically identify the endoderm as the tissue responsible for the gap junction communication in LR determination, when combined with our findings from genetic analyses of Sox17 mutants, the data support the idea that gap junctions in the endoderm are necessary for signal transfer from the node to the LPM in the mouse embryo.
Gap junctions have been reported to function in LR determination in several vertebrate models (Levin and Mercola, 1998; Levin and Mercola, 1999) . In rabbits, gap junctions are used to prevent signal transfer from the node to the right LPM in cooperation with Fgf8 signaling (Feistel and Blum, 2008) . Although, in this case, the tissues responsible for the gap junction communication were not clearly identified, Cx43 is expressed in the endoderm as well as in the mesoderm and ectoderm of the rabbit embryo, similar to the mouse ( Fig. 6; supplementary material Fig. S3 ). These data suggest that a role for endoderm cell gap junctions in mediating signals from the node to the LPM is conserved in mammals.
Impaired epithelial integrity in the Sox17 mutant endoderm and possible roles of endoderm in signal transfer from the node to the LPM This is the first report that demonstrates the role of Sox17 in the development of the epithelial characteristics of endoderm at the cellular level. We examined the distribution of cell adhesion and cytoskeleton components in Sox17 -/-and control embryos and found that endoderm in Sox17 mutants exhibits compromised epithelial integrity, in which the localization of E-cadherin/-catenin on the cell membrane is disturbed and microtubules and actin filaments show aberrant arrangement. These findings strongly suggest that the severe impairment of gap junction communication in mutant endoderm is a consequence of the failure to properly localize connexin proteins on cell boundaries due to impaired epithelial polarity. Thus, epithelial maturity of endoderm cells near the node is essential for functional gap junction communication among endoderm cells and is involved in transferring signals from the node to the LPM in LR determination. How do endoderm cells near the node mediate signal transfer from the node to the LPM? In accordance with the evidence of higher Ca 2+ flux in the left endoderm near the node and the fact that the inhibition of gap junction communication results in defects in LR determination (Viotti et al., 2012) , one explanation is that endoderm directly transfers second messengers such as Ca 2+ through gap junctions from the node to the LPM to induce Nodal expression in the LPM. However, the higher Ca 2+ flux in the left endoderm is observed only near the node, suggesting short-range signal transduction. Therefore, it is unlikely that Ca 2+ itself signals over a long distance to transmit the LR information from the node to the LPM.
In addition to several studies showing that Nodal proteins act over a long range by diffusion (Chen and Schier, 2001; Constam, 2009; Le Good et al., 2005) , a recent report strongly suggests that
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Development 139 (13) Nodal proteins produced in the perinode travel a long distance to induce Nodal expression in the left LPM (Kawasumi et al., 2011) . Given these data, endoderm might play a role in supporting longrange Nodal movement. The long-range travel of Nodal proteins appears to require ECM components such as chondroitin sulfate (Oki et al., 2007) . In Sox17 mutants, the ECM components chondroitin sulfate and laminin were formed relatively normally; however, it remains possible that there are other, as yet unidentified, ECM components that are required for Nodal movement and are affected in the mutant endoderm because of the incomplete epithelial polarity. An alternative possibility is that endoderm plays a role in the modification of Nodal proteins. The range of travel and activities of Nodal are regulated by processing of prepro-Nodal proteins (Ben-Haim et al., 2006) , N-glycosylation (Le Good et al., 2005) and dimer formation with Nodal itself or another TGF member, Gdf1 (Tanaka et al., 2007) . Since Sox17-expressing endoderm is tightly attached to the perinode where Nodal is produced, endoderm might assist in these modifications through cell-cell communication with perinode cells.
Ectopic expression of Nodal in endoderm cells of
Sox17
-/-embryos We found that the foregut endoderm of Sox17 -/-embryos expresses ectopic Nodal at early somite stages (Fig. 1D ,DЈ,G). Nodal is an upstream regulatory factor that induces endoderm formation during gastrulation (Tremblay et al., 2000) but the expression is immediately shut down in differentiated endoderm (Collignon et al., 1996) . These observations suggest that Sox17 might be directly or indirectly required to turn off Nodal expression in differentiating endoderm. If this were the case, we would predict that continued expression of Nodal might also contribute to the failure of endoderm formation in Sox17 -/-embryos. Further analysis will be required to test this directly. In summary, we have identified a novel and important role of endoderm cells in signal transfer from the node to the LPM during the establishment of LR asymmetry in mice. The detailed molecular mechanisms of how endoderm participates in the signal transfer remain to be examined in future studies. However, our present studies detailing Sox17 mutants will help further investigations and will significantly extend the understanding of the complex mechanisms involved in the determination of LR asymmetry in early development.
